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Determination of the structural aspects of interactions
between protein and DNA in three dimensions (3D) is
ideally carried out by co-crystallization of the DNA (or
RNA)–protein complexes and determination of the co-
crystal structure by X-ray diffraction. However, some-
times, even if the crystal structure of the protein is
available, a biologically meaningful co-crystal structure
may be difficult to determine: the macromolecular
complex may not co-crystallize either because it is too
large, too flexible or for a variety of other reasons. In order
to derive meaningful structural information under these
circumstances procedures have been developed to chemi-
cally convert the interacting protein into a site-directed
cross-linking agent [1] or a site-specific chemical nuclease
[2–6]. The modified protein, thus obtained, is then used
either to cross-link to end-labeled DNA or to cleave the
DNA at one or more specific sites. Mapping of the sites of
cross-linkage on the DNA can be performed, in some
cases, by alkali cleavage of the sugar–phosphate backbone
at these sites, followed by high resolution gel elec-
trophoresis [1]. The cleavage sites of the chemical nucle-
ase on the DNA are similarly identified [3–6]. The data
thus obtained, in conjunction with the crystal structure of
the protein, can provide a useful picture of the 3D
DNA–protein interactions. Even if the co-crystal structure
is available, the chemical approach mentioned above can
be used to check the protein–DNA contacts in solution
and thus take into consideration any possible artifacts that
might have been caused by the crystal packing forces. 
The conversion of a DNA-binding protein into a specific
cross-linking agent or a chemical nuclease, which can then
be used for analyzing protein–DNA interactions, has been
performed with catabolite activator protein (CAP), Trp
repressor, Fis protein and g-d resolvase [3–6]. We have
also used these techniques to analyze the interaction of
the replication terminator protein (RTP) of Bacillus subtilis
with replication terminus DNA [7]. Here, I will use RTP
to illustrate the uses and potential uses of proteins as site-
specific cross-linking agents and chemical nucleases for
probing the DNA with which they interact. Although the
crystal structure of dimeric RTP has been solved at 2.6 Å
[8], the RTP–terminus DNA complex structure is perhaps
too large and too flexible to yield to crystallization: the
functional unit of the terminus consists of four turns of
DNA which interact with two RTP dimers [9].
RTP is a homodimeric protein with a subunit molecular
mass of 14500 (122 amino acids). RTP arrests replication
forks by impeding replicative helicases in an orientation-
specific manner (this has been named as polar contra-heli-
case activity). Two interacting dimers of the protein bind
to each replication terminator sequence and arrest replica-
tion forks when the terminus is located in a specific orien-
tation with respect to the replication origin. In the other
orientation, the replication fork proceeds unimpeded past
the site. The terminus sequences usually occur as inverted
repeats so that forks approaching from either direction on
the circular chromosome can be arrested [8]. 
Several chemical reactions have been used to convert a
DNA-binding protein into a cross-linking agent or a chemi-
cal nuclease. All of the reactions require that a given amino-
acid residue at the region of interest in the protein be
substituted with a cysteine by site-directed mutagenesis
[1,3–6] and that the cysteine residue is solvent accessible. If
the protein has some naturally occurring cysteine residues
in the suspected DNA-binding domain, then these resi-
dues will have to be substituted by another amino acid, for
example alanine. Cysteines are introduced into the cys-
teine-negative protein, one at a time, at the sites of interest
and then the variant proteins are allowed to react with
either azidophenacyl bromide (conversion to cross-linking
agent) or with EPD (Fe-EDTA; EDTA-2-aminoethyl
2-pyridyl disulfide) or Cu-phenanthroline (conversion to a
chemical nuclease), as shown in Figure 1 [1,3–6]. 
Azido cross-linking
The azido-substituted protein is mixed, in the absence of
illumination, with binding site DNA that is end-labeled at
one end. This mixture is then irradiated with a hand held
UV lamp for a few seconds. The irradiation converts the
azido group into a highly reactive nitrene which reacts and
covalently attaches to any DNA moiety that is located
within 12 Å. The cross-linked material is resolved in a
denaturing sodium dodecyl sulfate (SDS)-polyacrylamide
gel to separate free DNA from that which is cross-linked
[1,7]. In order to isolate and enrich for larger amounts of
cross-linked DNA, the reaction mixture is phenol extracted
and the DNA–protein complex that partitions to the phenol
layer is recovered by alcohol precipitation and further puri-
fied by denaturing polyacrylamide gel electrophoresis [1,7].
For some proteins, for example CAP and LexA [1,5], one
can determine the site of cross-linkage by cleavage of the
labeled DNA with alkali at the cross-linked site. 
The cross-linking procedure, performed by introducing
azido groups at specific locations on RTP, revealed that the
DNA-binding regions of the protein dimer form a ‘winged
helix’. The a helices 1, 2 and 3 of each monomer form the
prototypical helices and the b2 and b3 strands, connected
by an extended loop, form the wings of the winged helix
(Fig. 2a; [7]). Only the unstructured N-terminal arm, a3 and
b2 contact the DNA. Alkali cleavage can then be used to
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Figure 1
Chemical reactions used to convert a DNA-
binding protein into a site-directed cross-
linking agent or a chemical nuclease.
Preceding these reactions each existing
cysteine group may be replaced by an alanine
moiety and new cysteines substituted one at a
time into the region of interest in the protein.
(a) In the dark, azidophenacyl bromide is
coupled to the cysteine group using the
exchange reaction shown. The substituted
protein is then complexed with the singly end-
labeled binding site DNA and the reaction
mixture irradiated with long wavelength UV.
The cross-linked products are monitored and
analyzed as described. (b),(c) Reaction
schemes for coupling Cu-phenanthroline and
Fe-EDTA, respectively, used in the conversion
of the protein into a chemical nuclease. In (c),
Fe is represented by M.
Figure 2
Crystal structure of the replication terminator protein (RTP) of B. subtilis.
(a) Crystal structure of the RTP dimer showing the ‘winged helix’
structure. The two wings are formed by the b2 and b3 motifs, which are
joined together by an extended loop. The regions colored in crimson are
those shown to be involved in DNA binding, as determined by cysteine
substitutions into the residue 16 of the a1 helix, 74 of the b2 strand
(shown in green) and the residues 56 and 59 and 63 of the a3
recognition helix. The blue and yellow regions are not involved in DNA
binding. (b) Ribbon diagram of a monomer of RTP showing the residue
coordinates. Part (a) was reproduced by kind permission of Oxford
University Press and (b) from [9] by kind permission of the National
Academy of Sciences of the USA.
identify the DNA residue at which cross-linking occurred.
This works with some protein–DNA complexes such as
those with CAP and LexA [1,10] but for others, for example
RTP–DNA, the cross-linked sites are resistant to alkali
cleavage [7]. In such cases one could try to map the location
of the azido cross-links by primer extension with DNA
polymerase and an end labeled, suitably placed, oligonu-
cleotide primer. The site of arrest of chain extension could
then be identified by gel electrophoresis. Alternatively, one
can switch to the chemical nuclease techniques described
below. In any case, the cross-linking at least identifies the
regions of the protein that are either contacting, or within
~12 Å, of the DNA.
Conversion of a protein into a chemical nuclease
The strategy is to convert the interacting protein into a
chemical nuclease by conjugation with either EPD or
Cu-phenanthroline, by an exchange reaction with the
solvent accessible cysteine group (Fig. 1). The specifically
modified protein is then allowed to cleave the DNA at or
near the site of contact between the modified residue and
the DNA base. Cu-phenanthroline has been used by
Sigman and coworkers to map protein–DNA contacts in
Fis protein and Trp repressor [5,6]. Similar mapping has
been possible for g-d resolvase and CAP protein, using
EPD reagents independently developed by Fox [2,3] and
Ebright [4] and coworkers. Here, I will use RTP to illus-
trate these techniques.
In order to map the amino acid–DNA base contacts of
RTP, we used the EPD cleavage method. Cysteines were
substituted at residue 16 of the a1 helix, at 56, 59 and 63 of
the a3 helix and at 74 of the b2 strand of RTP
(Fig. 2b; [7]). The protein contains a naturally occurring
cysteine, Cys110, which is located in the dimerization
domain. Control experiments showed that Cys110 does not
contact DNA. The substituted proteins were complexed
separately with replication terminus DNA end-labeled
with 32P at one of the two 5′ ends. Although conjugation
with EPD reduces the affinity of the protein for DNA
there was sufficient DNA binding to allow us to carry out
the subsequent steps. The reaction mixture was treated
with ascorbate (and sometimes also with H2O2) to generate
hydroxy radicals that attack the C1′ and C4′ bonds of the
deoxyribose moieties exposed in the minor groove of the
DNA [11]. If the Fe is positioned in the major groove, the
hydroxy radicals diffuse into the adjacent minor grooves
and cleave the DNA (Fig. 3a), as originally described by
Dervan [11]. Thus, the major cleavage sites are displaced
to the 5′ ends of the DNA with respect to the Fe moiety.
In contrast, if the Fe is positioned on the minor groove, the
cleavage sites are displaced to the 3′ side (Fig. 3b; [11]). If
the DNA sequence interacts with more than one monomer
of the protein (e.g. two interacting dimers of RTP bind to
each replication terminus of B. subtilis) then some of the
cleavage pattern may be obscured by the interaction of the
other subunits of the protein with the DNA. Thus, the
ideal cleavage pattern shown in Figure 3 may not always
be visible. Using the Fe-EDTA conjugation, cleavage of
the end-labeled terminus DNA and resolution of the
cleavage products on a DNA-sequencing gel, we were able
to map the two wings (marked by residue 74 on b2) of
RTP to the minor grooves of the replication terminus;
residues 56 and 63 were mapped to the major groove.
Residue 16 was also mapped to the major groove. It should
be noted that residue 16, although located in a1, is placed
very close to the a3 helix due to protein folding and thus
becomes a de facto member of the latter helix (KS Pai,
DE Bussiere, SW White and DB, unpublished data). We
have made use of the amino acid–DNA base contacts
revealed by the chemical nuclease procedure to derive a
3D model of the complex formed by four turns of terminus
DNA with two interacting dimers of RTP (KS Pai,
DE Bussiere, SW White and DB, unpublished data).
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Figure 3
The cleavage patterns generated by the hydroxy radicals when the
Fe-EDTA is positioned over the major and the minor grooves of DNA.
The patterns are generated by the cleavage of the C1′ and the C4′
bonds of deoxyribose moieties exposed in the minor groove and are
influenced by the right-handed nature of the DNA helix. 
It should be noted that the azidophenacyl moiety can also
be attached to DNA containing a phosphorothioate
residue that has been introduced at a specific site. This
modification can then be used to cross-link the DNA to a
binding protein. Following partial protease digestion and
microsequencing of the cross-linked peptide, the exact
base-amino acid contact can be determined [12]. 
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